The mode of action for nanoparticle (NP) toxicity in aquatic organisms is not yet fully understood. In this work, a strategy other than toxicity testing was applied to Daphnia magna exposed to TiO 2 -NPs: the use of nuclear microscopy and the assessment of protein profile. D. magna is a keystone species broadly used as a model system in ecotoxicology. Titanium (Ti) was found in the D. magna digestive tract, mainly in the gut. The penetration of Ti into the epithelial region was greater at higher exposure levels and also observed in eggs in the brood pouch. The protein profile of individuals exposed to different concentrations showed that 2.8 and 5.6 mg/L TiO 2 -NP concentrations induced an over-expression of the majority of proteins, in particular proteins with molecular weight of ∼120, 85 and 15 kDa, while 11.2 mg/L TiO 2 -NP had an inhibitory effect on protein expression. The Matrix-assisted laser desorption ionization with tandem time of flight mass spectrometry (MALDI-TOF/TOF MS) analysis of these proteins consistently identified them as vitellogenin (Vtg)-like proteins, associated with enzymes involved in redox balance. These results indicate that Vtg-like proteins are up-regulated in D. magna exposed to TiO 2 -NPs. Vitellogenesis is associated with the reproduction system, suggesting that TiO 2 -NP exposure can impair reproduction by affecting this process. The precise mode of action of TiO 2 -NPs is still unclear and the results from this study are a first attempt to identify specific proteins as potential markers of TiO 2 -NP toxicity in D. magna, providing useful information for future research.
Introduction
The growing application of commercial nanotechnology has led to concerns about health risks and the impact of nanoscience-based products on the environment, though there are limited data on the interaction of nanoparticles with biological systems and their toxicological effects. The prospect of engineered nanomaterials such as nanoparticles (NPs) affecting biological systems has been recognized in the last decade, as indicated in several scientific reports showing their toxicity (Kang 2010; Menard et al. 2011; Zhang et al. 2012; Ivask et al. 2014) . The potential harmful effects of NPs to living organisms seems to be related to their physical and chemical properties, such as surface area, size, surface modification and the formation of free radicals. The induction of oxidative stress associated with NP properties can damage lipids, carbohydrates, proteins and DNA, in which lipid peroxidation is considered most dangerous, leading to alterations in the enzymic machinery and cell membrane properties (Farhadian et al. 2012; Li et al. 2013 ).
Thus, it is important to understand how NPs interact with living systems, through the study of their mode of action and by investigating their internalization and location within tissues and cells of model organisms (Exbrayat et al. 2015) .
Titanium dioxide (TiO 2 ) is generally available as a white pigment in paint, with the paint industry being the largest consumer. TiO 2 -based nanomaterials have applications in diverse areas, such as food additives, food packaging components, sunscreens, photocatalysts, photovoltaic systems, sensors, wastewater treatment, medicine, pigments and air purification. Some studies have shown that exposure to TiO 2 -NPs may cause harmful effects in humans, and animals, particularly by affecting the reproductive system (Shi et al. 2013; Kang 2010) .
However, both the interactions of Ti with biological systems and molecules and possible derived toxic effects are still unclear. Several studies on TiO 2 -NP bioactivity suggest that it might have some toxic impacts on biomolecules and that careful attention must be paid to the interaction between proteins and nanomaterials (Lavicoli et al. 2013; Gulson et al. 2010 Gulson et al. , 2015 .
Members of the genus Daphnia (Family Daphniidae, Order Branchiopoda), commonly named water fleas, represent the major consumers of algae and cyanobacteria in freshwater ecosystems and provide a model system for ecology, evolution and the environmental sciences. Daphnia are keystone organisms for energy transfer in the ecosystem, being the most important food source for zooplanktivorous vertebrate and invertebrate predators, which have been used extensively as indicators for toxicant exposure (Guilhermino et al. 2000; Chevalier et al. 2015) . The rapid growing genomic data for this organism are stimulating interdisciplinary research to understand the complex interplay between genome structure, gene expression, individual fitness, and population-level responses to chemical contaminants and environmental change. A complete genome sequence for Daphnia pulex is now available, and Colbourne et al. (2011) indicate that, compared to other invertebrates, Daphnia has a high proportion of genes in common with humans. Therefore, stress-specific geneexpression profiles may in future be used as biomarkers.
Early research results demonstrated that for chronic exposure tests with coated TiO 2 -NPs, Daphnia reproduction was a more sensitive endpoint than adult mortality (Wiench et al. 2009 ). Lovern and Klaper (2006) reported an increased mortality rate of D. magna with increased concentration of TiO 2 -NPs (filtered and sonicated suspensions). Hund-Rinke and Simon (2006) found a dose-dependent toxicity of TiO 2 -NPs to green algae, Desmodesmus subspicatus, (EC 50 = 44 mg L −1
) but no such effect in tests on Daphnia. A significant amount of TiO 2 -NPs was found accumulated in Daphnia that displayed difficulty in eliminating TiO 2 -NPs from their bodies, thus increasing the bioconcentration factor (BCF). This high level of particle bioaccumulation may interfere with food intake and ultimately affect growth and reproduction (Lovern and Klaper 2006; Zhu et al. 2010) .
However, the toxicity effects caused by the exposure to this type of stress are far from being fully understood. Consequently, protein profiling methodologies have been used to unravel the response mechanisms underlying these effects and also to identify new potential early-detection biomarkers following exposure to toxic agents (Khanna et al. 2015) , since they allow the identification of expressed proteins in a specific tissue by comparing with control samples. These "protein expression signatures" can be useful in discovering new and specific biomarkers to toxic stressors (Bradley et al. 2009 ).
The purpose of this study was to evaluate the sub-lethal toxicity of TiO 2 -NPs in Daphnia magna through the response of the protein profile and to identify novel biomarkers of effects on Daphnia magna exposed to TiO 2 -NPs. Proteins affected by TiO 2 -NPs were identified using MALDI-TOF/TOF MS (Matrix-assisted laser desorption ionization with tandem time of flight mass spectrometry). Distribution analysis of titanium in D. magna tissues was also carried out.
Materials and methods

Preparation of TiO 2 -NP stock suspensions
Aeroxide® P25, a fine particulate pure titanium dioxide (TiO 2 ), with a level of purity higher than 99.5%, a primary average particle size of 21 nm and a specific surface area of 50 m 2 /g (Evonik Degussa GmbH) was used to prepare the stock aqueous suspension of 100 mg/L TiO 2 -NPs. The suspension was prepared in distilled water and sonicated for 3 min in a Vibra-Cell TM ultrasonic Processor (Sonics, USA), at 20 KHz, 100% amplitude.
Daphnia magna culture and tests D. magna used in tests were maintained in the laboratory in M7 culture medium (Elendt and Bias 1990) , at 20-22°C under a 16 h light: 8 h dark photoperiod. Daphnia were reared individually in 150 mL containers and fed, on a daily basis, log phase green alga, Chlorella vulgaris, grown axenically in vitamin enriched Woods Hole MBL (pH 7.2) culture medium (Stein 1973) .
The acute toxicity of TiO 2 -NPs to D. magna was assessed according to ISO 6341 (1996) . In brief, the method consisted of determining the inhibition of mobility of juveniles of D. magna, aged 6-24 h, and exposed in a 48 h static test. A total of 20 individuals per concentration were exposed in four replicates. Five concentrations were tested in the range of nominal concentration 0-90 mg/L TiO 2 prepared by adding fresh stock suspension and sonicating for 3 min. Results are expressed in 48 h EC 50 , which is the median effective concentration, a statistically derived concentration of a substance in an environmental medium expected to produce a certain effect in 50% of test organisms in a given population under a defined set of conditions.
For sub-lethal assays, adult females of D. magna, aged 11 days after the first brood release, were exposed to TiO 2 -NPs for 5 days and fed daily with C. vulgaris. The sub-lethal range of nominal concentration, chosen according to acute toxicity results, was 1.4, 2.8, 5.6 and 11.2 mg/L prepared in Daphnia test medium (ISO 6341 1996) . Twelve replicates per concentration were prepared. Individuals were observed daily for mortality and the presence of juveniles, with the medium renewed every other day. At the end of exposure, organisms were washed twice with sterile water to remove any adsorbed particles and kept frozen until further analysis by either nuclear microscopy or protein profiling.
Distribution of TiO 2 -NPs in D. magna tissues
The distribution of TiO 2 -NPs in D. magna organs was examined in transverse sections of cryopreserved D. magna. Specimens were collected from culture medium, rinsed in water, quench-frozen in liquid nitrogen and kept at -80°C until processed. Sections of 35 µm thickness were cut from the frozen D. magna specimens in a cryostat at -25°C (Cryotome 620E, Thermo Shandon, UK), mounted on 1.5 µm polycarbonate foil and freeze-dried (Pinheiro et al. 2013) . Three specimens were selected from the populations exposed to 1.4, 2.8 and 11.2 mg/L TiO 2 -NP concentrations and controls. Three sections were examined from each of the selected specimens.
Elemental analyses were carried out by nuclear microscopy at Centro Tecnológico e Nuclear, Instituto Superior Técnico, Lisbon, (Veríssimo et al. 2007 ), using a proton beam of 2 MeV with a current of 100 pA focused to a 3 μm spot size. Nuclear microscopy analysis delivers two important capabilities for trace metal analysis: imaging and quantification. This can be achieved by using simultaneously complementary techniques, such as particleinduced X-ray emission (PIXE), Rutherford backscattering spectrometry (RBS) and scanning transmission ion microscopy (STIM). RBS provides information on matrix composition and depth variations, and incident charge is used to extract quantitative results in conjunction with PIXE, which is a technique based on the analysis of characteristic X-rays emitted by the elements present in a Van de Graaf accelerator located at the sample when excited by the MeV proton beam (Vasco et al. 2017) . The method allows the quantification of multiple elements simultaneously in minute sample masses examined under the microbeam spot, down to the level of parts per million (Breese et al. 1996; Veríssimo et al. 2007; Pinheiro et al. 2014) . STIM provides information on the structure and density distribution of the sample, and facilitates positioning and structure identification of the unstained sections to correlate with elemental distributions (Aguer et al. 2005; Pinheiro et al. 2013) . By scanning across a selected area of D. magna transverse sections, elemental maps of Ti distribution were generated by assigning the characteristic X-ray energy lines of Ti to a digital X-Y positional coordinate. This procedure provided a qualitative distribution image of Ti in the scanned area. Similarly, mass-density maps were constructed using STIM spectral information. The variations of X-ray intensities for a specific element such as Ti, or mass-density changes in the imaged area of the sample, were represented by a dynamic color gradient. Series of point analyses in selected regions of interest were carried out to produce quantitative Ti data. Acquisition of data was performed using OM-DAQ (Oxford Microbeams Ltd, UK) (Grime and Dawson 1995) . Spectral analysis and concentration calculations were carried out with the DAN32 program (Oxford Microbeams Ltd, UK) (Grime 1996) . Concentrations were expressed in mg/kg dry weight (dw). The minimum detection limit for Ti in tissues of D. magna was <10 mg/kg dw.
Crude protein extracts
Pools of four Daphnia magna were homogenized in 50 μL of a 50 mM phosphate buffer using 0.5 mL lysis tubes with eight ceramic beads. The samples were then homogenized with a mechanical disruption technique using a homogenizer (Speed Mill P12, Analytic Jena) and applying preprogrammed disruption cycles (Plant MH 4 min). This is a highly efficient homogenization system for various starting materials for production of cell-free extracts, allowing the extraction of total protein in very low volumes. Afterwards, homogenates were collected and transferred to clean microtubes and centrifuged at 10,000 g at 8°C for 10 min. Then supernatants, used as crude protein extracts, were stored at -80°C until further analysis.
The amount of protein in each sample was determined according to a microplate assay (Kruger 1994) , using a standard curve of bovine serum albumin, fraction V (Sigma). Each sample was assayed in triplicate. For normalization purposes, the Bradford Assay was used to quantify the total amount of protein in each sample (Bradford 1976) .
Protein electrophoresis
The crude protein extracts containing equivalent amounts of protein (≈6 µg), were mixed with an equal volume of SDS-PAGE loading buffer (BIORAD). After boiling in a dry bath for 5 min, proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using Mini-Protean TGX precast gels (KD   TM   ) . Protein bands were revealed by Comassie Brilliant Blue staining. The molecular weight markers used were the PageRuler™ Prestained Protein Ladder (10-170 kDa, ThermoScientific) and the Precision Plus Protein Dual Xtra (2-250 kDa, Biorad).
Protein identification by MALDI MS
In-gel digestion of proteins Following protein separation in SDS-PAGE gel, stained gel bands were manually excised on a clean glass surface using sterile scalpels and tweezers. Pieces 2 × 5 mm were carefully transferred into microcentrifuge tubes (1.5 mL). Selected slice gels were treated and digested by adapting a protocol from Shevchenko et al. (2006) and Galesio et al. (2008) . Briefly, proteins were washed with MiliQ water and 50% acetonitrile (ACN) for Coomassie destaining, followed by 100% ACN for dehydration. Washing steps were performed in an ultrasonic bath, model Transsonic TI-H-5 (Elma, Germany) operating at 35 kHz and 60% amplitude for 5 min at each step. Afterwards, reduction and alkylation steps were performed using 10 mM dithiothreitol (DTT) (Sigma, Germany) in a 25 mM ammonium bicarbonate solution (NH 4 HCO 3 ) for 45 min at 56°C followed by 100 mM iodoacetamide (IAA) (Sigma, Germany) in 25 mM NH 4 HCO 3 for 30 min. at room temperature in the dark. The gel bands were washed again, dehydrated with 100% ACN and dried in a vacuum centrifuge UNIVAPO 100 H (UniEquip, Martinsried, Germany) followed by overnight incubation (37°C) with Trypsin Sequencing Grade (Sigma, Germany) (0.025 mg/mL in 25 μL of 12.5 mM NH 4 HCO 3 / 10% (v/v) ACN). After digestion, tryptic peptides were extracted twice with a solution containing 50% ACN and 0.1% trifluoroacetic acid (TFA) (30 min). Trypsin activity was stopped by the addition of 20 μL of 5% (v/v) formic acid (Fluka, Germany). The extracted supernatants were pooled, transferred into new tubes and dried in the vacuum centrifuge.
MALDI-TOF/TOF MS analysis
Extracted peptides were redissolved in 0.3% formic acid and a solution of saturated α-cyano-4-hydroxy-cinnamicacid (α-CHCA 10 mg/mL; 50% ACN: 0.1% TFA) was added in a 1:1 ratio and 0.5 μL was spotted onto a MALDI target plate and allowed to dry at room temperature. Peptide mass fingerprint (PMF) data were obtained using a ABI 4700 Proteomics Analyzer with time-of-flight (TOF)/TOF optics (Applied Biosystems, USA) equipped with a 355 nm Nd:YAG laser. Laser shots of 600 per spectrum were used to acquire spectra within a mass range of 500 to 4000. Spectra were acquired in the reflector positive ion mode with a 20 kV acceleration voltage, 75.1% grid voltage and a delay time of 100 ns. Peptide calibration Mix 4 (Proteomix; Laserbio Labs, Sophia-Antipolis, France) was used as mass calibration standard for MALDI-TOF-MS/MS. All the mass spectra were processed using Data Explorer™ software, version 4.5 (Applied Biosystems, USA). Peptide Mass Fingerprint data were used to search for candidate proteins using MASCOT software (http://www.matrixscience.com). The database (NCBInr) searches were performed using the following parameters: other Eumetazoa, trypsin digest, one missed cleavage, fixed modification of carbamidomethylation (C) and variable modification of methionine oxidation (M), peptide tolerance up to 140 ppm.
Statistical analysis
The EC 50 value was estimated from the sigmoid concentration-inhibition curves fitted by the maximum likelihood-logit method using using ToxCalc V5.0.23F (Tidepool Scientific Software, USA).
The Ti concentration in tissues was summarized as median and quartiles (lower 25% quartile and upper 75% quartile). Evaluation of statistical differences between groups of D. magna exposed to different TiO 2 -NP concentrations was performed with non-parametric MannWhitney test.
Results and discussion
Whole organism toxicity
The evaluation of acute toxicity for D. magna met control and test acceptability criteria specified by the protocol used and the calculated EC 50 -48 h value was 30 ± 7 mg/L TiO 2 -NPs. Based on acute toxicity tests TiO 2 -NPs were classified as harmful, (L(E)C 50 = 10-100 mg/L) (Kahru and Dubourguier 2010) . For comparison, Aruoja et al. (2009) found EC 50 values of 5.8 mg/L when testing TiO 2 -NPs with particle size 25-70 nm. Reported effects of TiO 2 -NPs on organisms vary between no effects to severe effects depending on the form, particle size, preparation methods or test design, bioavailability and type of organism (Menard et al. 2011; Dabrunz et al. 2011) .
No mortality was observed in individuals for the 5-day exposure test period with 1.4-11.2 mg/L TiO 2 -NPs. The expected D. magna life cycle including sexual maturation of females was observed in the controls. The TiO 2 -NP concentrations tested affected the reproductive system of 95% of individuals examined, since there were no eggs in their brood pouches at concentrations higher than 3 mg/L TiO 2 -NPs, reinforcing the results reported by Wiench et al. (2009) .
Distribution of TiO 2 -NPs in Daphnia magna tissues
The TiO 2 -NP distribution and concentrations in D. magna tissues were assessed in individuals exposed to 1.4, 2.8 and 11.2 mg/L TiO 2 -NPs. Non-exposed D. magna individuals served as controls. Figure 1 shows images of the mass-density (STIM), and Ti (PIXE) distribution in cross-sectional slices of nonexposed and exposed D. magna. Despite the fragility of cryo-preserved D. magna tissues, resulting in fragmentation of internal structures and carapace during sectioning, images of the mass density and elemental distributions enabled identification of anatomic regions, e.g. calcium (Ca) in the carapace, sulfur (S) and iron (Fe) in tissues (Pinheiro et al. 2013) , as illustrated in Fig. 1a . The images of the distribution of Ti obtained simultaneously for the same scanned region can be associated with these features. The maps of mass distribution and Ti in the three exposure conditions studied are depicted in Fig. 1b-d . This figure illustrates how the anatomic regions and morphological details of D. magna identified in the mass distribution maps can be correlated with Ti distribution. The presence of TiO 2 -NPs in D. magna tissues was detected analytically as Ti. As TiO 2 -NPs have low solubility in aqueous media, the detected Ti likely reflects the presence of TiO 2 -NPs. Besides, Ti is virtually non-existent (systematically below detection limit of Ti < 10 mg/kg) in non-exposed D. magna. Therefore, any Ti detected in D. magna tissues indicates uptake of TiO 2 -NPs, the only source of Ti present in the culture medium. In all TiO 2 -NP-exposed animals, independent of the concentration level, large Ti deposits were confined to the gut, as can be seen in Fig. 1b-d . This was observed in all exposed D. magna examined. The accumulation of these particles in the gut can reduce food uptake, affecting organism metabolism.
In D. magna exposed to 1.4 and 2.8 mg/L TiO 2 -NPs concentration levels, Ti was detected in the tissues surrounding the gut, decreasing in cell layers deeper than gut epithelial cells and to other tissues and organs, indicating minimal Ti bioaccumulation (Fig. 2) . In D. magna cultures exposed to 1.4 mg/L TiO 2 -NPs, Ti was quantified only in tissues immediately surrounding the gut, as can be seen in Fig. 2 . However, Ti bioaccumulation was significant in D. magna exposed to 11.2 mg/L TiO 2 -NPs, where Ti concentrations in all tissues, both surrounding the gut and in other organs, were 4-to 5-fold higher that in D. magna exposed to lower TiO 2 -NP concentrations (p < 0.05). Therefore, bioaccumulation of Ti in D. magna tissues seems to be dose-dependent.
Some of the individuals in the group of D. magna exposed to 2.8 mg/L TiO 2 -NPs showed eggs in the brood pouch (Fig. 3a,b) . Sections of D. magna, in planes passing close to the center of the spheroid eggs, showed that Ti accumulated in the egg and in enveloping tissues that might correspond to the brood chamber and the eggshell. The Ti concentrations in either the egg core or in surrounding tissues, including the eggshell, were similar (Fig. 3c) . The concentrations in the egg structures were in the range of 25 to 65 mg/kg (dw), which are comparable to the values measured in various other tissues (see Fig. 2 ). Due to the configuration and dimensions of the egg sections depicted in Fig. 3 , and the density structure and elemental distributions, the contribution of Ti in the shell to the egg core is unlikely.
The consistency of Ti levels found in D. magna tissues may be due to the high water content of tissues and the open haemolymph circulation (Peters and De Bernardi 1987) , which contributes to distribution of nutrients and possibly the NP.
The Ti concentration in tissues reflected the TiO 2 -NP concentration in the culture medium, despite changes of Ti concentration that may occur along the water column due to deposition of TiO 2 -NPs by gravity. After 1 day of incubation with 11.2 mg/L TiO 2 -NPs, the concentrations of Ti in the mid-water column decreased significantly to 5.3 + 0.2 mg/L, whereas for incubation conditions with lower levels of TiO 2 -NPs the measured Ti concentration remained steady, e.g. for a nominal value of 2.8 mg/L TiO 2 -NPs, the concentration of Ti in the mid-water column was 2.2 + 0.1 mg/L. These findings suggest that the deposition of TiO 2 -NPs can be compensated, to a certain extent, by the continuous movement of D. magna.
Protein profile
There were clear differences in crude protein extracts taken from toxicity assays. Increasing concentration of TiO 2 -NPs modified the color and turbidity of the final extracts. Higher concentrations made the protein crude extract solution whiter and more turbid. The variations in protein expression Fig. 2 Ti concentration (expressed as mean and standard deviation) at different locations (EP epithelial tissue, OT other tissues) of D. magna incubated under control and exposed conditions. n.d. not detected, <DL below the detection limit. *indicated significant differences (p < 0.05) to other exposure conditions The reference protein pattern of the homogenate of D. magna was established with four Daphnia individuals aged 20-21 days and confirmed a consistent profile with 14 protein bands (between 149 and 10 kDa, for the same initial concentration of homogenate, ≈6 µg). This protein pattern was considered as control reference bands for comparison with profiles obtained in toxicity assays (Fig. 4) . Similar results were obtained for Daphnia individuals aged 16 days, with the advantage that total protein in cell-free extract was higher (0.68 µg/µL, four individuals). Three replicate tests were performed for each condition.
The analysis of the profiles of total protein extracts (20 individuals, 11 days of exposure per sample), showed that concentrations of 2.8 and 5.6 mg/mL TiO 2 -NPs induced a positive regulation of genes associated with some protein bands with molecular weight of ≈120 (A,B) , 85 (C,D) and 15 (E,F) kDa, when compared to controls (1, 2 and 3). These results are shown in Fig. 5 . However, the highest concentration of TiO 2 -NPs, 11.2 mg/L, induced a general inhibitory effect on protein expression.
Each protein excised from the gel, corresponding to TiO 2 -NP treatments (bands A-B, C-D, E-F), and controls (1, 2, 3), was processed and analyzed by MALDI-TOF/TOF MS. Two proteins were consistently identified: a .1) at ≈15 kDa, (E, F), whose function was related to lipid transport, oxidation-reduction processes and superoxide metabolic process (Tokishita et al. 2006) . The excised bands with higher molecular weight (≈120 kDa) were identified as two hypothetical proteins DAPPUDRAFT_313764 and _318420 [Daphnia pulex] after a PMF MASCOT search, using MALDI TOF/TOF MS data. These are proteins predicted by genome analysis but no evidence exists for their expression in vivo and they are also thought to be involved in lipid transport. Up-regulated hypothetical proteins DAPPUDRAFT_318420 and DAPPUDRAFT_313764 were subsequently investigated using the "Daphnia Water Flea Genome Database". Both sequences produced significant correspondence alignment with a 5.803 kbp DNA fragment from scaffold_24, positions 1,295,880 to 1,301,682, assigned as ARP2_G13340/ vitellogenin-1 precursor or a hemelipoglycoprotein precursor (Colbourne et al. 2011 ). Both proteins have in their structure a lipoprotein N-terminal domain and a von Willebrand factor type D domain, characteristic of Vtgs.
Vtgs are the major yolk protein precursors; estrogeninduced serum proteins synthesized by females (Meusy and Payen 1988) . During the process of oocyte development, Vtgs and vitellins (Vts) are modified through cleavage, glycosylation, lipidation and phosphorylation (Dhadialla and Raikhel 1990; Sappington and Raikhel 1998; Wiench et al. 2009; Schlich et al. 2012; Ni et al. 2015) . Vtgs also have roles as trace mineral-transporting proteins and in the immune system, and other features. In honeybee workers, Vtg influences hormone signaling, food-related behavior, immunity, stress resistance and longevity (Havukainen et al. 2011 ). Kemp and Kultz (2012) and studies developed by de Chaffoy and Kondo (1980) in Artemia salina also showed that Vtgs from crustacea are high molecular weight proteins, associated with lipidic, glucidic, and carotenoid prosthetic groups, which are transported and internalized into oocytes, where they are further transformed to generate Vts (Raviv et al. 2006) . Furthermore, proteolysis occurs in Vtg to produce diverse subunits that are essential for oocyte and embryo development. Vtg secretion has been reported to occur in the liver in vertebrates, the intestine in nematodes, and the fat body in insects, and is then taken up by developing oocytes (Reith et al. 2001; Tokishita et al. 2006 ). In addition, it is processed into Vt by subtilisin-like endoproteases, which recognize a consensus cleavage site, RXXR, before accumulating in oocytes .
In Artemia salina, Vtg is also first cleaved into a large subunit (190 kDa) and a small subunit (68 kDa), the large one being further digested during embryonic development. The results from the present study also suggest that Vtgs undergo proteolytic cleavage, creating smaller fragments.
The Vtg-like proteins identified in the present study were found to be up-regulated with increased TiO 2 -NP concentration, suggesting that they affect vitellogenesis, and are involved in the reproductive impairment caused by exposure to nano-TiO 2 . Thus, the differences found between the proteins' experimental and predicted molecular weights probably indicate that they are cleavage products. Similar findings were reported by Kemp and Kultz (2012) . In overall, the results are in agreement with current literature, which indicates that exposure to TiO 2 -NPs may affect the vitellogenesis process and/or reproduction in several different species, including D. magna (Wiench et al. 2009; Zhu et al. 2010; Ni et al. 2015) . However, some authors attributed a positive effect, by exposure to TiO 2 -NPs promoting the growth of reproductive organs and improving fecundity in silkworms (Ni et al. 2015) , while other authors showed disruption of seminiferous tubules, a decrease in mice Sertoli cells (Takeda et al. 2009 ), changes in sperm quality (Gopalan et al. 2009 ), effects on D. magna reproduction (Wiench et al. 2009; Zhu et al. 2010) or impairment of zebrafish reproduction (Wang et al. 2011) . In this regard, Wang et al. (2011) proposed that, in contrast to the effect of endocrine disruptor compounds that interfere with hormone regulation, TiO 2 -NPs may act directly on primary follicles and/or subsequently affect Vtg synthesis, though the exact mode of action of TiO 2 -NPs on vitellogenesis needs further clarification. In addition, other types of engineered nanomaterials (e.g., AgNPs and Quantum Dots) have been shown also to affect vitellogenesis and/or reproduction (for a review, see Iavicoli et al. 2013) . Nevertheless, the toxicity of TiO 2 -NPs is usually attributed to oxidative stress being the principal mechanism of injury to an organism´s cells (Federici et al. 2007; Wang et al. 2011; Diniz et al. 2013) .
Our results identified a Vtg fused with a superoxide dismutase, which agrees with findings by Kato et al. (2004) , which showed a Vtg with a remarkable feature, a superoxide dismutase (SOD)-like domain located in the N-terminus, suggesting an interesting function of protection for the Vtg, although it was found that the SOD had low activity (Kato et al. 2004; Tokishita et al. 2006) .
With respect to D. magna, although more than one Vtg isoform can exist and be involved in yolk formation, several studies revealed 90-and 60-kDa protein bands that are thought to contain the SOD-like domain. However, Cu/Zn SOD plays an important role in protecting oocyte and embryonic cells against toxicity and plays a major role in embryos at diapause: after diapause they no longer function and are digested to provide nutrition for the embryos ). Since D. magna have Vtgs containing a Cu/Zn SOD-like domain , we can hypothesize that the suppression found in the present study may be related to severe toxicity and reproduction impairment and the up-regulation of these proteins may be an organism´s defense mechanism against the toxic effects of TiO 2 .
Conclusions
The present study explored the TiO 2 -NPs sub-lethal toxicity for D. magna through the distribution analysis of Ti in their organs and tissues and the evaluation of the protein profile changes, thus helping to explain metabolic responses of this crustacean to NP exposure. Though no acute mortality of D. magna was observed for the exposure period and tested TiO 2 -NPs concentrations, their life cycle was affected and all D. magna tissues and organs, including eggs, accumulated TiO 2 -NPs in a concentration-dependent manner, reflecting the Ti concentration in the culture medium. The positive regulation of genes, which is consistently associated with Vtg proteins, suggests that TiO 2 -NPs can modify vitellogenesis.
This study calls attention to the metabolic changes when D. magna is exposed to TiO 2 -NPs concentrations hitherto considered environmentally safe. The detection of TiO 2 -NPs in eggs and the changes in the expression of the Vtg family of proteins highlight the potential of these indicators in D. magna TiO 2 -NP toxicity assessment. Therefore, further investigation of the proteome alterations is needed. This strategy will definitely help unravelling the early molecular events involved in toxicant responses.
